Glycosylasparaginase (EC 3.5.1.26) from Sf9 cells (Spodoptera frugiperda) was purified to homogeneity with a specific activity of 2.1 unit/mg. The enzyme is composed of two non-identical a/p subunits joined by strong non-covalent forces and has one glycosylation site located in the a subunit. Molecular masses of the subunits were determined to be 28 kDa and 17 kDa by SDS-PAGE. Native enzyme existed in quaternary structures of either heterodimer (<*P) or heterotetramer (a 2 P2)-These forms exhibited different ionic characteristics during DE52 anion exchange chromatography, and their molecular masses were determined to be 47 kDa and 101 kDa by gel filtration. The enzyme was thermostable, requiring 65-70°C to be denatured, and it had a broad pH optimum from 4-10.5 with a pKa around 6. SDS easily inactivated the enzyme. The K m of glycosylasparaginase for its normal substrate GlcNAc-Asn was 0.88 mM. The enzyme also exhibited asparaginase activity with a K m of 3.0 mM for asparagine. N-terminal amino acids of the denatured subunits were sequenced and degenerate primers were designed for cloning its cDNA using PCR and 5' and 3' RACE. Glycosylasparaginase cDNAs from bovine and rat were also cloned using similar strategies, and primary structures of glycosylasparaginases from six species (human, bovine, rat, mouse, Sf9 cells and Flavobacterium) have been compared and related to a recent crystal structure of the human enzyme.
Introduction
Glycosylasparaginase [glycoasparaginase, N4-(P-/V-acetyl-Dglucosaminyl)-L-asparaginase, EC 3.5.1.26] is a lysosomal hydrolase involved in the stepwise hydrolysis of Asn-linked glycoproteins to monosaccharides and amino acids (Aronson and Kuranda, 1989) . This amidase cleaves the P-amide on the asparagine moiety of the N-glycosidic linkage of glycoproteins (Aronson and Kuranda, 1989; Mononen et al, 1993) . Glycosylasparaginase was first purified to homogeneity from rat liver by Tollersrud and Aronson (1989) . The rat enzyme has a molecular mass of 49 kDa and is composed of two non-identical subunits of 24 kDa and 20 kDa, which are referred to as the a and P subunits. These subunits are glycosylated and joined by strong noncovalent forces. The enzyme is heat stable up to 60-70°C and resistant to SDS binding and denaturation. Glycosylasparaginases have since been purified completely or partially from human, pig, cow, mouse, and Flavobacterium, and they share many characteristics of the rat enzyme (Kaartinen et al, 1991; Tollersrud and Aronson, 1992; Tarentino and Plummer, 1993) . Although eukaryotic glycosylasparaginases are lysosomal hydrolases, they have their greatest activity near neutral, or even basic pH.
Three complete cDNAs encoding human, mouse and Flavobacterium glycosylasparaginases have been cloned (Fisher et al, 1990; Tarentino et ai, 1994; Tenhunen et al, 1995) . The two subunits of these glycosylasparaginases are encoded by a single gene. During translation of the human enzyme, the nascent polypeptide, which is a pre-pro-protein, is translocated into the endoplasmic reticulum where there is cotranslational cleavage of the signal peptide. Like other lysosomal enzymes, glycosylasparaginase is transported through the ER and the Golgi to lysosomes. In the ER the polypeptide is glycosylated, and an early processing step occurs which cleaves the proenzyme into the two subunits at position Aspl82-Thrl83 (corresponds to Asp205-Thr206 in the previous studies) (Ikonen et al, 1993) . This cleavage step produces a catalytically active glycosylasparaginase (Fisher et al., 1993; Ikonen et al., 1993) . Recent studies using the bacterial enzyme show that the cleavage between Aspl51-Thrl52 (equivalent to human D182-Tl 83) is an autoproteolytic process (Guan et al., 1996) , and the side chain nucleophile group on the N-terminal Thr of the p subunit participates in this activation step (Fisher et al., 1993; Guan et al., 1996) . A previous study with an active-site inhibitor of the enzyme, 5-diazo-4-oxo-L-norvaline (DONV) (Tarentino and Maley, 1969) , demonstrated that the same Nterminal Thrl83 of the mature human enzyme p subunit is also involved in substrate hydrolysis (Kaartinen et al., 1991) . Most recently, glycosylasparaginase has been shown to belong to a new class of amidohydrolase termed 'N-terminal nucleophile amidases' (Brannigan et ai, 1995) . In this set of enzymes an N-terminal Thr, Ser or Cys created by autoproteolysis serves as the nucleophile in their catalytic reaction, and the exposed a-amino group on the same residue acts as the base which aids deprotonation and activation of the nucleophilic side-chain. A recent crystal structure study of human glycosylasparaginase showed Thrl83 is located in the narrow center of tightly associated a/p subunits and along with five other amino acids interacts with the aspartyl moiety of the substrate (Oinonen et al, 1995) . Other studies have revealed aspects of the primary structure of glycosylasparaginase with respect to its processing, maturation and reaction mechanism. A medically important example is the recessively inherited genetic disease AGU (aspartylglucosaminuria) which is caused by deficiency of glycosylasparaginase (reviewed in Mononen et al, 1993) . Enrichment of the disorder occurs in Finland due to a founder with a CMOS substitution (Fisher and Aronson, 1991; Ikonen et al, 1991; Mononen et al, 1991) . This mutation causes defective disulfide bond formation in the a subunit, which in turn causes improper polypeptide folding and processing (Riikonen el ai, 1994; McCormack et ai, 1995) . Although many new aspects of glycosylasparaginase structure have been learned, more details of the mechanism by which the enzyme is activated and processed inside of cells as well as its specificity towards substrates need to be determined. Our approach has been to collect and analyze primary structural data for glycosylasparaginases from a number of species in order to learn which amino acids are conserved and are therefore likely to be of functional importance. This study was therefore designed from an evolutionary point of view to compare the glycosylasparaginase primary structure from several different species. Conserved amino acids become the basis in relation to the recent human enzyme crystal structure for directing mutagenesis investigations to further characterize the structural biology and biochemistry of glycosylasparaginase. A new glycosylasparaginase from the insect cell Spodoptera frugiperda (Sf9) has been purified, its cDNA has been cloned, and its biochemical properties have been examined. Comparison of the insect glycosylasparaginase to the enzymes from other species (human, bovine rat, mouse and Flavobacterium) is also reported.
Results

Purification of glycosylasparaginase from Sf9 cells
Glycosylasparaginase from Sf9 cells was purified approximately 500-fold to homogeneity with a specific activity of 2.1 units/mg after concanavalin-A Sepharose affinity chromatography, DE52 anion exchange chromatography, G-150-120 Sephadex molecular sieving chromatography and CM52 cation exchange chromatography (Table I, Figure 1 ). This enzyme is richly expressed in this insect cell line, about 4-5-fold over that in rat liver. In the Con-A step, about 15% of the enzyme ran through the column. Since this behavior was not due to column overloading, some oligosaccharide chains of Sf9 glycosylasparaginase may lack sufficient mannose structure for binding to Con-A. DE52 anion-exchange chromatography separated two activity peaks (Figure lb) . Both high-salt and low-salt enzyme fractions gave the same band pattern during SDS-PAGE under reducing conditions (Figure lc, lanes 1, 2) , but the high-salt fraction had a single slow mobility band on native gel electrophoresis compared to smaller proteins for the low-salt fraction (Figure lc, lanes 3, 4) . The glycosylasparaginase fractions eluted by high-and low-salt buffer were separately concentrated and chromatographed on G-150-120 Sephadex. The low-salt form eluted at a molecular weight of 47 kDa and the high-salt form eluted equivalent to a molecular weight of about 101 kDa ( Figure Id) . Therefore, Sf9 glycosylasparaginase appears to exhibit different quarternary structures, either a heterodimer a(3 or a heterotetramer a 2 3 2 -
N-Terminal amino acid sequencing of Sf9 glycosylasparaginase
Concentrated enzyme (10-20 |xg) was separated by denaturing SDS-PAGE into a and fi subunits (Figure la, lane 5) which were confirmed by immunoblotting with cross-reactive antibodies made against rat a and p subunits. These subunit bands were transferred to a PVDF membrane and N-terminal amino acids were sequenced. The amino acid sequence from both subunits and their comparison with the N-terminal subunits of human and rat enzymes are shown in Figure 2 . N-terminal sequences of the (3 subunit are more conserved among these species, especially the first five identical amino acids TIGMV. Residue W11 of the a subunits, like the N-terminal T of (3 subunits, is conserved, and both these amino acids are reported to be essential for enzyme activity (Fisher etai, 1993; Oinonen et al, 1995; Riikonen et ai, 1995; Guan et ai, 1996) .
SDS sensitivity
Native rat glycosylasparaginase, which resists SDS denaturation, has strong noncovalent interaction between its two subunits. The rat enzyme remains completely active even in the presence of 5% SDS at room temperature and neutral pH (Tollersrud and . The two subunits can be dissoci- ated in the presence of SDS only when the temperature is high (80°C) or the pH is below 5.5. The human enzyme is similarly resistant to SDS (Tollersrud and Aronson, 1992) . In contrast, Sf9 glycosylasparaginase irreversibly lost all activity in the presence of 0.05% SDS at room temperature due to dissociation of the enzyme into its subunits (Figure 3 , inset).
Temperature stability
Glycosylasparaginase from all known species including human, rat, pig, bovine and mouse enzymes has a high thermostability (Tollersrud and Aronson, 1992) . Sf9 enzyme began to irreversibly inactivate at 60°C, and was completely inactivated at 75°C (Figure 4 ). Native SDS-PAGE immunoblots showed the slow migration of the native form of the enzyme shifted to its two denatured subunits when the temperature reached 60-65°C (Figure 4 , inset). Enzyme denatured by the higher temperature precipitated in the gel loading well, which explains the lower amounts of immunoreactive forms in those samples.
pH dependence of activity and stability
The pH-activity profile of Sf9 glycosylasparaginase is shown in Figure 5a . Similar to glycosylasparaginases from other species (Tollersrud and Aronson, 1992) , the Sf9 enzyme had a broad pH optimum between 5 and high basic pH at least up to 10, where maximum enzyme activity was preserved even after of SDS (0% to 0.5%) for I h at room temperature in a total volume of 3 uX One half the sample was assayed for glycosylasparaginase activity (•) at pH 7.0 and 37°C for 1 h, and the other half was subjected to native SDS-PAGE (Phastgel) followed by immunoblotting with antibodies against rat a and pj subunits (inset).
2 h at 37°C. The enzyme reaction appears to require a residue with a pKa around pH 4. The pH-stability of the enzyme was studied by pretreating enzyme samples at different pH for 1 h at room temperature prior to assay at pH 7.5 ( Figure 5b ). Sf9 cell glycosylasparaginase was stable over a broad range from pH 4-10. The enzyme remained active and a single major high molecular weight band representing the native enzyme mi- grated on a Phastgel (Figure 5b , inset). Another fastermigrating band occurred and is similar to ones seen during pH or heat denaturation studies of rat glycosylasparaginase (Tollersrud and . The Sf9 enzyme was unstable below pH 3.5 and is totally dissociated into its subunits at pH 3.
Kinetics of Sf9 glycosylasparaginase and asparaginase activities
Hydrolysis of GlcNAc-Asn by the Sf9 enzyme displayed Michaelis-Menten kinetics. The apparent A" m of Sf9 glycosylasparaginase for GlcNAc-Asn was 0.88 mM with a V max of 1.13 nmol/min under the assay conditions. The Sf9 glycosylasparaginase also exhibited asparaginase activity. Hydrolysis of the non-glycosylated amino acid displayed a Michaelis-Menten relationship with respect to the asparagine concentration. The K m of the enzyme for asparagine was 3.0 mM and the V max was 0.79 nmol/min.
Cloning of Sf9 glycosylasparaginase cDNA
The strategy for amplification and cloning of Sf9 glycosylasparaginase cDNA is depicted in Figure 6 (described in Materials and methods). The complete cDNA and resulting deduced amino acid sequence of Sf9 glycosylasparaginase (Figures 7 and 8) were obtained by combining the DNA sequences from a 5'-fragment BL1/NA89 and the 3'-RACE fragment amplified by primers NA65/NA2 ( Figure 6 ). The calculated molecular mass of the a subunit is 20.8 kDa and the (3 subunit is 14.1 kDa. The calculated pi of the enzyme is 6.92 using the GCG package of programs (University of Wisconsin). There is only one potential glycosylation site (N15 on the a subunit), while human, bovine, rat and mouse glycosylasparaginase have this site plus a second one on their (3 subunit. This pattern agrees with immunoblotting experiments (Figure lc) , which showed electrophoresed denatured Sf9 enzyme had two immunoreactive a subunit bands, but only one for the (3 subunit. Nglycanase treatment also converted the two a-bands into one (unpublished data).
Cloning of rat and bovine liver glycosylasparaginase cDNAs
Partial rat liver cDNA sequence located at the middle region of the cDNA has been published previously (Fisher et ai, 1990) . The known sequence was confirmed by RT-PCR, and 5'-and 3'-RACE were used to clone the unknown portions of rat cDNA. Complete rat liver cDNA sequence and its deduced amino acid sequence are shown in Figures 7 and 8. Complete cDNA and amino acid sequences for bovine liver glycosylasparaginase were also obtained by similar methods (Figures 7 and 8 ).
Sequence comparison of glycosylasparaginases from human, bovine, rat, mouse, insect (Sf9 cells) and Flavobacterium
Amino acid sequences from human, bovine, rat, mouse, Sf9 cells (insect) and Flavobacterium were aligned by the 'pretty' program in the GCG computing package (Figure 8 ). Their overall sequences are highly conserved and are encoded by single genes. Identities compared to the human sequence are: 83%, rat; 82%, mouse; 80%, bovine; 57%, insect; and 50%, Flavobacterium. There are 100 consensus residues among more than 300 amino acids in the glycosylasparaginases of these six species. T183 was conserved and is known to be a nucleophile group both in the zymogen processing mechanism and incubated at room temperature for 1 h. The pH of one half the sample was adjusted to 7.5 with 0.5 M sodium phosphate, and enzyme activity was assayed by incubation at 37°C for 2 h. The other half of the sample was subjected to native SDS-PAGE (Phastgel) and analysed by immunoblotting (inset).
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Discussion
A new glycosylasparaginase from the insect Spodoptera frugiperda has been purified and cloned. Purification included Con-A, DE52, G-150-120 and CM52 chromatography (Table I, Figure 1 ). The purified amidase had a specific activity of 2.1 unit/mg. N-terminal amino acid sequences of both a and (3 subunits were obtained chemically (Figure 2 ), and use of maximal degenerate primers based on these data allowed RT-PCR amplification of the cDNA for this insect glycosylasparaginase ( Figure 6 ) and deduction of its amino acid sequence (Figure 8 ). The biochemical properties of Sf9 glycosylasparaginase are similar to glycosylasparaginases from other species. The enzyme has two forms with molecular weight of 105 kDa (a 2 b 2 ) and 52 kDa (ab) ( Figure Id) . It is composed of two subunits which are encoded by a single gene, and they are joined together by strong noncovalent forces which are not easily broken by a wide range of temperature ( Figure 4 ) and pH ( Figure  5b ). The enzyme is stable up to 60°C and then rapidly denatures between 65°C and 70°C ( Figure 4) . The enzyme has a broad pH optimum, maintaining more than 85% of its activity from pH 3.5 to 10 (Figure 5a ). Within this pH range at room temperature the enzyme acts as a stable holoenzyme without dissociation into subunits. In contrast to glycosylasparaginase from other species (Tollersrud and Aronson, 1992) , SDS could easily dissociate the two subunits of the Sf9 enzyme (Figure 3 ). The two different conformations of Sf9 glycosylasparaginase, a3 and a 2 p 2 (Figure lb-d) , differ from the heterodimer conformation of enzyme from most other species. The human enzyme was reported to be a heterotetramer which forms crystals that are associated as an a@Pa structure (Oinonen et ai, 1995) . However, a heterodimeric conformation of human glycosylasparaginase appears to exist naturally (Tollersrud et ai, 1994) . This controversy is explained by the two conformations of Sf9 enzyme. The tetramer may be a more stable conformation, however a(3 dimer is the core unit of the enzyme which is structurally sufficient for enzyme activity. The ionic characteristics of the two different Sf9 glycosylasparaginase conformations are different as indicated by their separation on DE52 anion exchange resin (Figure lb) . The 47 kDa form (aP) was eluted by a lower salt concentration than the 101 kDa form (a 2 p 2 ). An interesting structural feature of Sf9 glycosylasparaginase is that it has only one potential glycosylation site which is located on its a subunit (Figure 8 ). Both human, bovine, rat and mouse enzymes contain one glycosylation site on each of their subunits. During Con-A affinity chromatog- Fig. 8 . Species comparison of glycosylasparaginase deduced amino acid sequences. Glycosylasparaginases from human, bovine, rat, mouse, Sf9 cells and Flavobacterium were aligned using the GCG program 'pretty'. The beginning of the a and P subunit is marked above the amino acids by arrows. Enzyme activation cleavage site between D182 and T183 is indicated with an arrowhead. Disulfide bonds of human enzyme connect corresponding Cys residues (bold) according to the crystal structure [15] . Consensus amino acids located in the active site of human glycosylasparaginase [15] are underlined. N-glycosylation sequenons are underlined. Amino acids are numbered according to human glycosylasparaginase amino acid sequence with its mature a subunit N-terminal residue being 1. Amino acids that form a-helices ( AAAA ) and (3-sheets (****) are marked above the appropriate residues [15] . raphy, there is a small amount of insect enzyme that runs through the column, probably due to lack of glycosylation. This small amount of enzyme is active, and therefore the oligosaccharide is not essential to maintain activity. This suggests the sugar portion probably does not seriously affect conformation or stability of the enzyme once it is folded. Recent mutagenesis studies of human glycosylasparaginase glycosylation sites showed that glycosylation of both subunits of human glycosylasparaginase is not essential for proper enzyme processing and activation. The glycosylation site on the p subunit probably is responsible for lysosomal targeting of the enzyme and does appear to positively influence folding and stability (Park and Aronson, 1996) .
L°L
Bovine and rat glycosylasparaginse cDNAs were also cloned (Figure 7 ). To date, complete primary structures of six species from this enzyme family are known (Figure 8) . The overall sequences of glycosylasparaginase are highly conserved. Enzymes from human, bovine, rat and mouse have higher identities between each other than enzymes from bacterium and insect which reflects the evolutionary relationship of these species. About 30% of the amino acids are conserved among all these species. Functional importance of some amino acids have been suggested by recent mutagenesis and crystal structure studies (Fisher et al., 1993; Guan et al., 1996; Oinonen et al., 1995; Riikonen et al., 1995) . Six conserved amino acids which are all in the P subunit are suggested to be important in the enzyme active site. It also will be important to understand the residues at the junction of the subunits, such as HI 81 and D182 at the C-terminus of the a subunit, since they constitute the activation cleavage site with Thrl83. The conserved amino acids close to the N-terminal of the P subunit, such as 1841GM(V/l)(V/A)]88, may be structurally important to form a fj sheet with the terminal Thr at the active site (Oinonen et al., 1995) . Functions of conserved amino acid clusters in the N-terminal portion of the a subunit, such as 30ALDAVE35, 50VG(F/Y)GGSPD57, and 6JTLDA-IMD70, are unknown. The N-terminal half of the a subunit is structurally close to the enzyme active site (Oinonen et al., 1995) , suggesting it may be involved in the reaction mechanism. In the P subunit, two conserved amino acid clusters, 2/0GR-GDSPI-G-G22/ and 229G-AAATG-G257, may be close to the active site because R211, D214, T234 and G235 interact with substrate in the crystal structure (Oinonen et al, 1995) . The amino acid sequence of Flavobacterium glycosylasparaginase varied the most from the enzymes of other species, especially the Cterminus of its a subunit. It has been known that the Cterminus of human enzyme a subunit is somewhat like a 'pro region' as it is cleaved after the enzyme has been transported into lysosomes. It is interesting to note the C-terminal part of the mature a subunit projects away from the core ot|3 heterodimer in the human enzyme crystal structure (Oinonen et al., 1995) . This likely indicates that after the precursor zymogen was translocated into the endoplasmic reticulum, correct folding of this region appropriately oriented the tertiary structure to enable auto-cleavage at Thr 183, but it remained protruding from the a subunit such that it was proteolytically cleaved in lysosomes. Although this region is far away from the enzyme active site, its structural importance is suggested by the Finnish AGU allele. Thus, Cysl40 is located in this region and its mutation to Ser causes the precursor zymogen to fold defectively due to inability to form the C140-C156 disulfide bond. Possibly this protruding region has a function during enzyme transport and targeting or a role in stabilising the holoenzyme before it enters lysosomes. Expression of the bacterial enzyme in a mammalian system (COS1 cells) yielded significant glycosylasparaginase activity comparable to the expression of wild type human enzyme (unpublished data). However, expression of a bacterial a and human p chimeric construct did not result in glycosylasparaginase activity (unpublished), although the HDTIGM activation cleavage site was preserved. These studies suggest that folding of the bacterial enzyme a and P subunits as well as their interaction and processing to form an active enzyme may differ mechanistically from the human counterpart.
Materials and methods
Enzyme assays
Glycosylasparaginase activity was assayed by measuring the release of Nacetylglucosamine from the substrate N 4 -((3-A'-acetylglucosaminyl)-Lasparagine (GlcNAc-Asn) (Bachem, Torrance, CA, U.S.A.) (Tollersrud and Aronson, 1989) . Reactions with 2.5 mM substrate in 20 |j.l of 20 mM sodium phosphate buffer, pH 7.5, were incubated with enzyme for appropriate times at 37°C and stopped by boiling for 3 min after adding 50 u.1 of 250 mM sodium borate buffer, pH 8.8. Released N-acetylglucosamine was assayed by the Morgan-Elson reaction. One unit of enzyme liberates 1 u.mol of Nacetylglucosamine per minute. Asparaginase activity was assayed at 37°C by a coupled enzymatic procedure with glutamic/oxalacetic transaminase (GOT) and malate dehydrogenase (MD) to measure release of aspartic acid from asparagine (Tarentino and Maley, 1969) : i) aspartate + a-ketoglutarate -GOT -> oxalacetale + glutamate; ii) oxalacetate +NADH -MD -> malate + NAD + . The overall reaction was measured by the decrease in NADH absorption at 340 nm. The assay was in 600 (xl of 20 mM sodium phosphate, pH 7.5, containing 0.1 mM a-ketoglutarate (Sigma), 0.1 mg NADH (Sigma), and 7.5 units each of GOT (Sigma) and MD (Sigma). L-Asparagine (1 mM) (Sigma) was used as substrate, and a unit of enzyme liberates 1 u.mol of aspartic acid per minute.
Purification of glycosylasparaginase from Sf9 cells
Sf9 cells were spin-cultured by National Cell Culture Center (Cellex Biosciences, Inc., Minneapolis, MN, USA) in 10 liters of HyQ CCM-3 medium (Hyclone Lab. Inc., Logan, UT, USA) to a final cell density of l.75xlO 6 /ml with a viability of 99%. Cells were collected at 4°C by centrifugation at 2000 rpm for 10 min. The cell pellets were washed once with PBS and then resuspended in 50 ml of 50 mM sodium phosphate buffer, pH 7.5, containing 0.15 M NaCl. Cells were homogenized by sonication followed by centrifugation at 15,000 rpm for 30 min at 4°C. The cell lysate supernate was subjected to chromatography in the cold on concanavalin A Sepharose (Sigma) equilibrated with 50 mM sodium phosphate buffer, pH 7.5, containing 0.15 M NaCl. Non-binding proteins were washed from the column using 300 ml buffer, and bound glycosylated proteins were eluted by 0.2M methyl a-mannoside (Sigma). Eluted glycosylasparaginase was concentrated to about 20 ml in an Amicon ultrafiltration cell fitted with a YM-10 membrane (Amicon Corp., Danvers, MA, USA). The sodium phosphate buffer was changed to 0.02 M Tris-HCI, pH 8.5, by three repeated ultrafiltrations. The concentrated enzyme sample was applied to a DE52-cellulose (Whatman Laboratory Division, Maidstone, England) anion-exchange column that had been pre-equilibrated with 0.02 M Tris-HCI, pH 8.5. The column was eluted at 0.5 ml/min with a 400 ml linear NaCl gradient (0-0.4 M in the same Tris buffer). Four ml fractions were collected, and those that contained glycosylasparaginase were combined, concentrated to 3 ml and subjected to gel filtration on Sephadex G-150-120 (Sigma) equilibrated with 0.02 M sodium phosphate buffer, pH 5.5. The column was run at 0.25 ml/min and 2.5 ml fractions were collected. Fractions containing glycosylasparaginase activity were combined and concentrated to 3 ml with a YM-10 membrane. This sample was subjected to CM52-cellulose (Whatman) cation-exchange chromatography on a column equilibrated with 0.02 M sodium phosphate buffer, pH 5.5. Glycosylasparaginase was eluted by 100 ml of the same buffer containing a linear NaCl gradient from 0 to 0.4 M. The column was run at 0.25 ml/min and 2 ml fractions were collected. Glycosylasparaginase fractions were combined and concentrated to I ml by Centricon 10 ultrafiltration (Amicon Corp.).
N-Terminal peptide sequence analysis
Purified Sf9 glycosylasparaginase (10-20 u,g) was heat denatured in the presence of 2% SDS/I M 2-mercaptoethanol and applied to a 15% SDS-PAGE gel according to Laemmli. These conditions dissociated glycosylasparaginase into its two subunits. After electrophoresis, the peptides were electroblotted at 400 mA for 1 h with cooling to a pre-wetted PVDF membrane (Immobilon, Millipore Corp,. Bedford, MA, USA) using protein transfer buffer containing 0.3% Tris-base, 1.5% glycine and 20% methanol. The PVDF membrane was stained with 2% Coomassie blue for lh and destained for lh at room temperature with 10% (v/v) acetic acid/60% (v/v) methanol. followed by further destaining in 10% (v/v) acetic acid/90% (v/v) methanol for 2-5 min until the membrane became almost white in color. The membrane was finally rinsed with distilled water and air-dried. Peptides corresponding to the glycosylasparaginase a and B subunits were recognized by comparison with immunodetected bands using antibodies against rat glycosylasparaginase a and B subunits (Tollersrud and Aronson, 1992) . The dye-stained subunits were excised and the N-terminus of each peptide was sequenced using an automated Edman degradation method. For these analyses we thank A.L. Tarentino (Wadsworth Center for Laboratories and Research. New York State Department of Health. Albany, NY, USA).
Subunil electrophoresis and immunoblotting
Methods were modified from those of Tollersrud and Aronson (1992) . Native gel electrophoresis was carried out on an 8-25% Phastgel (Pharmacia. Piscataway, NJ, USA) using Sf9 enzyme samples that had been mixed with 2:1 (v/v) 3x running buffer (50 mM Tris-HCl, pH 6.8, with 0.05% bromophenol blue and 10% glycerol). Denaturing gel electrophoresis was done on either an 8-25% Phastgel or 15% standard SDS-PAGE gel. Enzyme samples were mixed with 2:1 (v/v) 3x running buffer supplemented with 6% SDS and 3 mM 2-mercaptoethanol. After electrophoresis, the Phastgel was blotted to a prewetted PVDF membrane by diffusion at 70°C for 1 h. Regular gels were electroblotted to a pre-treated PVDF membrane in transfer buffer at 400 mA for lh with cooling. Nonspecific binding was blocked for 30 min with 1.5% (w/v) BSA in TBST (10 mM Tris-HCl, pH 8.0; 150 mM NaCl; 0.05% Tween 20). Membranes were then incubated for 30 min at room temperature with antiserum against rat glycosylasparaginase diluted 1:1000 in the same buffer. After three washes, the immunocomplex was detected by a secondary antibody/alkaline phosphatase conjugate kit (Promega Corp., Madison. WI, USA).
cDNA cloning using PCR methods ( Figure 6 and Table II) SJ9 glycosylasparaginase cDNA. Maximal degenerate oligonucleotides for Sf9 cell glycosylasparaginase were synthesized (GIBCO BRL) corresponding to the a subunit amino-terminus sequence, EKNIPIV, and that of the B subunit, TIGMVA. The 5'-upstream sense primer BL1 was used with two nested 3'-downstream antisense primers NA1-3 and NA89, which are separated by six bases. RT-PCR amplification was initially done to sequence the a subunit ( Figure 6 ). Sf9 cells were cultured in TNM-FH medium (GIBCO BRL) supplemented with 10% FBS. Total RNA was isolated from the cells, and first strand cDNA was synthesized by reverse transcription using M-MLV reverse transcriptase (GIBCO BRL). PCR1 was used to amplify a 5'-cDNA fragment using primers BL1/NA1-3: 4 min denaturation at 94°C for the first cycle, followed by 30 repeated cycles of 50 s of denaturation at 94°C, 50 s of primer annealing at 42°C, and 50 s of DNA amplification at 72°C. A 5 min extension at 72°C was used at the end of this PCR program. After PCR 1, PCR2 was done using the nested primer NA89 with primer BL1. PCR2 amplification program was the same as PCR1 except the annealing temperature was increased to 50°C. PCR amplified DNA products were electrophoresed on a 2% agarose gel and the DNA bands were gel isolated and purified using QIAEX DNA absorption resin (QIAGEN). Purified DNA fragments were cloned into pBlueT7 Table II . Primers used in amplification of Sf9, rat and bovine glycosylasparaginase cDNAs 
vector (Novagen), a TA cloning vector designed for PCR products amplified by Taq polymerase. To avoid artifacts of Taq polymerase, four transformation clones were picked, and plasmid DNA prepared from each was used for double-stranded DNA sequencing. 3'-RACE was used to amplify the B subunit cDNA sequence ( Figure 6 ). First strand cDNA was reverse transcribed from Sf9 cell total RNA with NA3, a polyT-adaptor primer (Table I) . PCR1 was done with the 5' upstream sense primer NA90 and the antisense adaptor primer NA2. NA90 was synthesized according to the prior-determined cDNA sequence of the Sf9 a subunit. PCR2 was done using the same antisense primer NA2 with nested sense primer NA65, which is located at the 5' end of the B subunit, 215 bp downstream from NA90. Rat and bovine glycosylasparaginase cDNAs. Total RNA was isolated from rat liver and first strand cDNA was synthesized by a reverse transcription reaction using NA3. PCR and 3'-RACE strategies and methods were the same as for amplification of Sf9 glycosylasparaginase cDNA except different sense primers NA1 and NA11 were used. 5' RACE was used to determine the cDNA sequence coding the N-terminus of the rat a subunit. After reverse transcription of total rat liver RNA, the cDNA was cleaned using Wizard DNA purification resin (Promega) to desalt and to eliminate small nucleotides such as primers. A 3'-terminal deoxynucleotidyl tailing reaction (dGn) was carried out in 30 |xl containing 100 mM cacodylate buffer, pH 6.8, 1 mM CoCl 2 , 0.1 mM dithiothreitol. A concentration of 2 mM deoxyguanine and 30 units terminal deoxynucleotidyl transferase (Promega) were added to the reaction, which was incubated at 37°C for 30 min. A 5 u,l reaction sample was then used directly as template for a 25 (xl PCR reaction. Two rounds of PCR amplification were done by using 3'-downstream nested gene specific antisense primers, NA80 and NA81 (Table II) , with a 5'-upstream polyC-linker sense primer. The same strategies were used to clone the cDNA for bovine liver glycosylasparaginase.
